Background: To explore the molecular mechanisms of the anti-cancer effect of curcumin in human lung squamous cell carcinoma (LSQCC) SK-MES-1 cells. Methods: Cell viability was determined using MTT assay. Ribonucleic acid sequencing was performed to measure expression levels of transcripts in LSQCC cells treated with 15 μmol/L curcumin (treatment groups) or an equal amount of dimethylsulfoxide (control). Cuffdiff software was used to identify differentially expressed genes (DEGs) in treatment groups, followed by enrichment analysis of DEGs using the Database for Annotation, Visualization and Integration Discovery. The protein-protein interaction (PPI) networks for up and downregulated DEGs were constructed by Cytoscape software using Search Tool for the Retrieval of Interacting Genes data to identify hub nodes. Results: Curcumin significantly reduced cell viability in LSQCC cells. In total, 380 DEGs including 154 upregulated and 126 downregulated genes were found in the treatment groups. The upregulated genes were enriched in base excision repair (BER, such as PCNA, POLL, and MUTYH) and Janus kinase-signal transducer and activator of transcription (JAT-STAT) signaling pathways (such as AKT1 and STAT5A), while the downregulated genes were enriched in nine pathways, including the vascular endothelial growth factor (VEGF) signaling pathway (such as PTK2, VEGFA, MAPK1, and MAPK14) and mitogen-activated protein kinase (MAPK) signaling pathway (ARRB2, MAPK1, MAPK14, and NFKB1). PCNA and AKT1 were the hub nodes in the PPI network of upregulated genes while MAPK1, MAPK14, VEGFA, and NFKB1 were the hub nodes in the PPI network of downregulated genes. Conclusions: Curcumin might exert anti-cancer effects on LSQCC via regulating BER, JAT-STAT, VEGF, and MAPK signaling pathways.
Introduction
Lung squamous cell carcinoma (LSQCC) is a common type of non-small cell lung cancer (NSCLC), accounting for 85% of all lung cancers and causing approximately 400 000 deaths per year globally. 1, 2 Similar to other cancers, LSQCC is characterized by genetic mutations on a molecular level, which probably lead to the dysregulation of various signaling pathways. 3 The combined effect of gene mutations in the base excision repair (BER) pathway may cause a defect in the repair of DNA damage and, thus, contribute to lung carcinogenesis. 4 The aberration of Janus kinase-signal transducer and activator of transcription (JAK-STAT) regulating cell growth, differentiation, and metabolism pathways also leads to carcinogenic potential in NSCLC cells. 5 The abnormal alterations reveal the changes in cell proliferation and apoptotic signals, as well as the potential of uncontrolled replication in lung cancer progression, which help develop methods for cancer therapy. Although great progress has been made in developing chemotherapy and radiation therapy methods, there is still an urgent need for therapeutic methods with fewer side effects.
Curcumin, a natural polyphenol extracted from turmeric (Curcuma longa), has been safely demonstrated to function as an antitumor, antioxidant, and anti-inflammatory substance. 6 Among its various functional properties, such as cell cycle interference, apoptosis induction, and the inhibition of infiltrative potential in cancer cells, the anti-carcinogenic property, in particular, attracts a great deal of interest. 7, 8 The JAK-STAT signaling pathway is one of the molecular mechanisms by which curcumin suppresses invasion and migration in small cell lung cancer (SCLC) cells. 7 Curcumin could also suppress cell proliferation by inducing the expression of forkhead box protein O1 in lung cancer. 9 Herein, curcumin was speculated to exert an anti-cancer effect in LSQCC cells, the potential molecular mechanisms of which are clarified in this study.
Ribonucleic acid sequencing (RNA-seq), a recently developed method for transcriptome profiling by deepsequencing technology, provides more precise measurement of expression levels of transcripts than other methods. 10 In the present study, RNA-seq was performed to identify differentially expressed genes (DEGs) in SK-MES-1 cells (human LSQCC cell line) with curcumin treatment compared with cells without curcumin treatment. The involved biological pathways and protein-protein interaction (PPI) of DEGs were further investigated in an attempt to interpret the molecular mechanisms by which curcumin may exert an anti-cancer effect in SK-MES-1 cells.
Materials and methods

Cell culture
Human LSQCC cell lines SK-MES-1 were originally obtained from the Chinese Academy of Science. The cells were cultured in Dulbecco's modified Eagle's medium (DMEM, GBICO Co. Ltd, Grand Island, NY, USA), supplemented with 10% fetal bovine serum (FBS, GBICO) and 1% penicillinstreptomycin solution (GBICO). The cells were incubated in a 37°C incubator with humidified atmosphere of 5% CO2 (Thermo Fisher Scientific Inc., Rockford, IL, USA). Immediately after recovery, the cells were replanted in fresh medium, cultured to form colonies, and harvested in a solution of trypsin at the logarithmic growth phase for the following experiments.
Cell viability assay
Cell proliferation was determined using the conversion of MTT to formazan via mitochondrial oxidation using MTT assay kits (Shanghai Sangon Biological Engineering Technology and Service Corporation Ltd, Shanghai, China). SK-MES-1 cells were seeded in 96-well plates with an average of 5 × 10 6 cells/plate. Cells were incubated overnight and then treated in sextuple with 0, 5, 15, and 30 μmol/L curcumin (Sigma-Aldrich, St. Louis, Missouri, USA) for 48 hours. After treatment with curcumin for 48 hours, the medium was added with 10 μL MTT and incubated for four hours. The MTT solution was then removed from the wells and formazan crystals were dissolved in 100 μL dimethylsulfoxide (DMSO, Sigma-Aldrich). The optical density was detected by a microplate reader (Thermo Fisher Scientific Inc.) at a wavelength of 570 nm.
Cell treatment and ribonucleic acid sequencing (RNA-seq)
SK-MES-1 cells at the logarithmic growth phase were treated with 15 μmol/L curcumin dissolved in 1% DMSO in treatment groups, while in control groups cells were treated with an equal amount of DMSO for 48 hours at 37°C. After the treatment period, attached cells were harvested for RNA extraction following the manufacturer's protocol using an RNeasy kit (Invitrogen, Carlsbad, CA, USA). RNA was properly tested for quality on 2% agarose gel electrophoresis and spectrophotometer before RNA-seq was conducted using an Illumina HiSeq 2000 Genome Analyzer (San Diego, CA, USA).
RNA libraries were prepared according to the manufacturer's recommended protocol for the NEBNext Ultra RNA Library Prep Kit for Illumina (NEB E7530). Total RNA (5 μg) for the two biological replicates from the control and treatment cell populations were sheared into fragments (200 nt) and transcribed to cDNA. The cDNA were then blunt-ended and phosphorylated, and a single 3′ adenosine moiety and Illumina adapters were added to the repaired ends. The cDNA were then amplified by 12 cycles of polymerase chain reaction with New England BioLabs (NEB) Phusion polymerase (Ipswich, MA, USA) and purified to obtain RNA libraries. RNA-seq was performed using paired-end, 100 base pair reads by Hiseq 2500 v4 100PE (Illumina).
RNA-seq data pro-processing
The reads containing either N over 3% or low quality bases (<18) over 50% of the full length in any end were filtered in data processing. TopHat2 (version 2.0.8: http:// tophat.cbcb.umd.edu/) was used to align the RNA-seq reads against the reference genome hg19 with default parameters, allowing for variable-length indels with respect to the reference genome. 11 Two sets of matched RNA-seq data of SK-MES-1 cells with and without curcumin treatment were included in this study.
Differentially expressed gene (DEG) screening based on RNA-seq data
The expression level of each gene was quantified by fragments per kilobase of exon model per million fragments mapped (FPKM) by employing Cuffdiff software (version 2.1.0: http://cole-trapnell-lab.github.io/cufflinks/), followed by DEG screening with the criteria of |log2 fold change (FC)| >1 and P-value <0.05.
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Function and pathway enrichment analysis of DEGs
To further understand the underlying functions and pathways of DEGs, enrichment analysis was performed using the Database for Annotation, Visualization and Integration Discovery (DAVID).
14 In this study, both the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway 15 and Gene Ontology (GO) function enrichment 16 analysis were performed by DAVID with a P value of less than 0.05, including at least two DEGs in each enriched term.
Protein-protein interaction (PPI) network construction
Highly complex cellular biological processes are the results of tightly regulated interactions of genes with similar functions. Therefore, PPI pairs with the combined score of >0.4 DEGs were screened according to the Search Tool for the Retrieval of Interacting Genes. 17 The PPI network was constructed using Cytoscape software to identify hub nodes that regulate or influence other genes and represent vital biological essentiality in metabolic networks.
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Statistical analysis SPSS 13.0 software (SPSS Inc., Chicago, IL, USA) was used for statistical analysis. Data were expressed as mean ± standard deviation. Student's t tests were used to determine the significance between groups. A P-value of <0.05 was considered to indicate a statistically significant difference.
Results
Curcumin induced apoptosis of SK-MES-1 cells
To establish the optimal conditions for curcumin-induced apoptosis of SK-MES-1 cells in vitro, SK-MES-1 cells were incubated with 0, 5, 15, and 30 μmol/L curcumin. After 48 hours of incubation, the SK-MES-1 cells treated with 5, 15, and 30 μmol/L curcumin exhibited significantly reduced levels of cell viability (P < 0.05), compared with the control groups (Fig 1) . These data indicated that curcumin treatment induced cell growth inhibition in a concentration-dependent manner in the human SK-MES-1 cell line. The 15 μmol/L curcumin treatment induced the most significantly reduced cell viability of SK-MES-1 cells.
Curcumin altered gene expression signature in SK-MES-1 cells
To identify the underlying molecular mechanisms of curcumin in SK-MES-1 cells, we applied transcriptome sequencing for SK-MES-1 cells with and without curcumin treatment. Accordingly, a total of 380 DEGs including 154 upregulated genes and 126 downregulated genes were identified in the treatment groups compared with the control groups. The DEGs are shown in the scatterplot (Fig 2) .
Kyoto Encyclopedia of Genes and Genomes and Gene Ontology enrichment analysis
KEGG enrichment analysis revealed the upregulated genes were enriched in the BER (P value = 3.48E-03; such as polymerase [POLL] and poly ADP-ribose [PARP3] polymerase (Table 1) .
GO enrichment analysis showed the upregulated genes were associated with biological processes, such as cellular response to hormone stimulus (P value = 7.49E-04; such as AKT1 and STAT5A) ( Table 2 ). On the other hand, the downregulated genes were related to biological processes including positive regulation of macromolecule metabolic process (P value = 1.64E-03; such as NFKB1, MAPK1, MAPK14, and VEGFA), and positive regulation of transcription from RNA polymerase II promoter (P value = 1.67E-03; such as NFKB1, MAPK14 and VEGFA) ( Table 3) .
PPI network analysis
PPI analysis of upregulated and downregulated genes was performed and then visualized constructing a PPI network.
Proliferating cell nuclear antigen (PCNA, degree = 12) correlated with POLL, AKT1 and mutY homolog (MUTYH) and AKT1 correlated with PCNA and STAT5A (degree = 10) were hub nodes in the PPI network of upregulated genes (Fig 3) . Sp1 transcription factor (SP1, degree = 9), MAPK1 (degree = 8), MAPK14 (degree = 7), VEGFA (degree = 7), and NFKB1 (degree = 6) were correlated with each other and possessed high connectivity in the PPI network of downregulated genes (Fig 3) . Additionally, MAPK1, MAPK14, and NFKB1 were correlated with ARRB2, while MAPK1 and SP1 may influence PTK2 according to Figure 4. Discussions LSQCC, the second most prevalent type of lung cancer, is related to the accumulation of gene mutations. 19 Curcumin could play a role in suppressing the cellular proliferation, invasion, and metastasis of lung cancer by regulating target gene expression. 20, 21 In accordance with previous studies, our study also revealed that curcumin reduced cell apoptosis and caused cell apoptosis of SK-MES-1 cells in a dose-dependent manner. Furthermore, the genome-wide transcriptional networks of SK-MES-1 (LSQCC) cells treated with and without curcumin were explored by RNA-seq to identify DEGs. The key findings of this study provided evidence that curcumin was able to upregulate the expression levels of PCNA, POLL, MUTYH, STAT5A, and AKT1, and PCNA, POLL, and MUTYH were found to be upregulated by curcumin treatment and enriched in the BER pathway in this study. A previous study reported that damaged DNA could lead to cell aberrant apoptosis and cancer progression if not repaired in time. 22 The BER pathway is one of the primary categories of excision repair and responsible for short patch (1-14 bp) restoration in the DNA repair system. 23 The involved mutant genes in the BER pathway may be associated with an increasing susceptibility to develop lung cancer. 24 The PCNA-dependent pathway is involved in base repair, in which PCNA functions as a molecular adaptor for recruiting other factors for the site of DNA repair. 25 POLL is a substitute for Polβ as the main polymerase in the BER pathway, and MUTYH functions as bifunctional DNA glycosylases that could excise the damaged base. 26 Curcumin intervention could prevent arsenic-induced defects of DNA repair in carcinogenesis. 27 Herein, the upregulation of PCNA, POLL, and MUTYH in treatment groups compared with the control groups suggested that curcumin could improve the repair of DNA damage that exists in LSQCC cells.
Upregulated AKT1 and STAT5A were correlated with each other and enriched in the JAK-STAT pathway. An aberrantly activated JAK-STAT3 signaling pathway is involved in the oncogenesis of NSCLC. 5 Curcumin could suppress SCLC cell invasion and migration via the JAK-STAT signaling pathway. 7 This study identified that STAT5A, another member of the STAT family, was upregulated by curcumin treatment. The activated STAT5A may prevent STAT3 reactivation by inducing the overexpression of suppressors of cytokine signaling 2.
28 AKT1, the key node in the PPI network, is an essential mediator for the biological function of STAT5 that binds to some consensus sequences within the AKT1 locus and enhances its transcription. 29 Thus, the upregulation of AKT1 and STAT5A induced by curcumin treatment may jointly suggest a regulatory effect of curcumin on the JAK-STAT pathway in LSQCC cells.
On the other hand, MAPK1, MAPK14, PTK2, and VEGFA were downregulated by curcumin treatment and enriched in the VEGF pathway. VEGF could promote tumor angiogenesis in response to the increased need for the delivery of oxygen and nutrients in malignancies, including NSCLC. 30 The prototype member of this family, VEGFA is regarded as a promising therapeutic target of cancer. 31, 32 In terms of lung cancer, VEGFA plays an important role in modulating migration and invasion of this cancer through the phosphoinositide 3 kinase/protein kinase B pathway.
33 PTK2 is involved in VEGF-induced vascular permeability. 34 In human intestinal microvascular endothelial cells, curcumin inhibits VEGFinduced angiogenesis via MAPKs in order to prevent cancer pathogenesis. 35 Similarly, in this study, curcumin could reduce the expression of VEGFA, MAPK1, MAPK14, and PTK2 in LSQCC cells, probably suggesting an inhibition effect on the VEGF pathway in this cancer.
Meanwhile, downregulated NFKB1, ARRB2, MAPK1, and MAPK14 were involved in the MAPK pathway. NFKB1 plays an important role in controlling cell proliferation, suppressing apoptosis, and regulating tumor invasiveness and angiogenesis via various signaling pathways. 36 The activated NFKB1 is involved in lung cancer pathogenesis, including LSQCC. 37, 38 MAPKs, known as serine-threonine kinases, are associated with cancer progression via mediating intracellular signaling. 39, 40 The MAPK pathway is usually activated and plays a role in the cell cycle, apoptosis, migration, and invasion of lung cancer cells. [41] [42] [43] The suppression of ARRB2 could block CXCR4-induced activation of the p38 MAPK pathway. 44 Dietary administration of curcumin significantly decreases the incidence of breast cancer metastasis to the lung, possibly through the suppression of NFKB1. 45 Previous studies have demonstrated that there is a cross-talk between MAPK and NFKB pathways via their overlapping genes. [46] [47] [48] Curcumin could also decrease the expression of MAPKs down-stream of NFKB1 in order to inhibit paclitaxelinduced upregulation of survival signaling events in HeLa cells. 49 Herein, the downregulation of MAPK1, MAPK14, ARRB2, and NFKB1 induced by curcumin treatment may contribute to an inactivated MAPK pathway, suggesting the anti-cancer effect of curcumin via regulating the MAPK pathway in LSQCC cells. Curcumin exerts anti-cancer effect
Conclusion
Our study has revealed that curcumin, a functional polyphenol derived from the spice turmeric, could increase the expression levels of PCNA, POLL, MUTYH, STAT5A, and AKT1, and decrease the expression levels of PTK2, ARRB2, MAPK1, MAPK14, VEGFA, and NFKB1 in LSQCC cells. Furthermore, these genes were identified to be involved in the biological pathways of BER, JAK-STAT, VEGF, and MAPK, by which curcumin may induce cancer cell apoptosis and exert an anti-cancer effect. This study represents preliminary research for future work in exploring the anti-cancer effect of curcumin. A series of studies, both mechanical and epidemiological, are needed to validate the role of curcumin in regulating these genes and the involved pathways in LSQCC cells, with regard to its clinical application of being a novel chemotherapeutic regimen.
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